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INTRODUCTION  AND  SUMMARY 


This  work  was  done  under  a  Cooperative  Research  and  Development  Agreement  (CRD A) 
between  the  Army  Research  Laboratory  and  Martin  Marietta  Advanced  Development  Operations,  and 
under  a  Martin  Marietta  Advanced  Development  Operations  IR&D  effort  to  provide  an  electron  beam 
focusing  device  for  CORSAM  missile  electronics. 

A  previously  proposed,  lightweight,  cladded  permanent  magnet  structure  which  produces  a 
constant,  longitudinal  magnetic  field  seemed  appropriate  for  a  conventional,  linear  beam  electron  tube 
which  was  then  designed,  constructed  and  evaluated. 

The  permanent  magnet  system  was  designed  to  provide  a  2.4  kOe  axial  guide  field  over  a  23  cm 
distance.  The  design  provides  a  volume  of  3.5  cm  diameter  by  27  cm  long  for  the  microwave  circuit, 
with  radial  penetrations  for  input  rf,  output  rf  and  cooling.  In  order  to  minimize  longitudinal  flux  at 
the  position  of  the  cathode,  a  shielded  gun  chamber  is  used.  This  chamber  is  clad  with  appropriate 
radially  oriented  magnets  to  prevent  excessive  flux  leakage  to  the  exterior  and  to  insure  field 
uniformity  over  the  electron  beam  path.  The  accompanying  figure  depicts  the  dependance  of  axial 
field  magnitude  on  longitudinal  position  and  demonstrates  excellent  agreement  between  theory  (2-D 
Finite  Element  Analysis)  and  measurement.  The  average  field  level  measured  is  slightly  higher  than 
theoretical  because  of  the  switch  to  a  higher  remanence  material  during  construction.  In  addition,  the 
field  ripple  near  the  collector  end  is  due  to  penetrations  present  in  the  magnet  structure  which  were 
not  modeled  in  the  2-D  analyses.  The  magnet  structure  has  a  mass  of  approximately  15  kg,  which  is 
about  one  third  of  that  of  the  electromagnet  that  would  otherwise  be  used.  Also,  the  need  for  a  high 
current  electric  power  supply  and  cooling  is  eliminated.  Details  of  the  construction,  the  results  of  the 
three-dimensional  computer  analyses,  axial  and  transverse  field  plots,  and  data  on  a  13  kV,  1.1 
ampere  beam  tester  are  presented. 
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Electron  Beam  Focusing 

To  insure  beam  focusing  in  high  average  power  microwave  tubes,  a  solenoidal  magnetic  field  is 
usually  employed.  The  field  is  usually  provided  by  an  electric  solenoid  which  allows  minimum  beam 
interception  by  the  rf  circuit  and  thereby  minimum  thermal  loading.  The  disadvantage  is  in  the  weight 
of  the  solenoid  windings,  power  supply,  and  cooling  system.  In  order  to  produce  a  lightweight,  high 
average  power  amplifier  system,  an  alternative  focusing  structure  is  needed.  A  novel  permanent 
magnet  structure  which  produces  a  solenoidal  field  was  chosen.  A  version  of  this  magnet  structure 
was  designed  and  built  to  house  a  conventional  linear  beam  tube.  The  structure  was  evaluated  by  Hall 
probe  measurements  of  both  axial  and  transverse  fields,  and  through  operation  of  a  beam  tester. 
Figure  1  shows  a  simpler  version  of  the  stmcture  actually  built. 
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Figure  1 .  Permanent  magnet  solenoid. 

Permanent  Magnet  Solenoid 

The  tube  requires  a  uniform  magnetic  field  =  2.0  -  2.5  kOe  confined  to  a  cylindrical  space, 
w.  We  assume  that  this  has  been  attained  and  then  deduce  the  form  of  the  source  necessary  to  attain 
it.  The  two  functions  of  the  source  are  assigned  to  separate  structural  components:  (l)Flux  supply 
and  (2)Flux  confinement  (cladding). 

In  all  of  the  pictures  and  calculations  the  following  points  should  be  noted: 

•  Magnetic  fields  are  indicated  by  large,  thick  arrows 

•  Magnetization  directions  are  indicated  by  small,  thin  arrows 

•  Gaussian  magnetic  units  are  used  for  design  convenience 

•  |Ir  denotes  the  slope  of  the  demagnetization  curve  of  the  magnet  used 

•  Only  rigid  (i.e.,  |Xr  «  1)  permanent  magnets  are  considered 
Flux  Supply 

In  Fig.  1,  the  cylindrical  working  space,  w,  is  bounded  by  an  axially  magnetized  permanent 
magnet  shell  (a).  The  shell  is  capped  at  its  ends  by  iron  discs  (b)  which  guide  all  of  the  magnet’s 

flux,  4>m,  into  w,  so  that, 

‘I’m  =  ^  (1) 

By  Ampere’s  Law  and  the  requirement  of  field  uniformity: 

HM=Hyy=B^  (2) 

These  conditions  afford  computation  of  the  supply  magnet’s  cross  sectional  area,  as  shown  in 
Fig.  2. 
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Hm=H„ 

~  AvJ{f*R  ~^rI^W^ 

Figure  2.  Supply  magnet,  pole  pieces  and  working  space. 

Flux  Confinement  or  Cladding 

Figure  2  illustrates  the  chain  of  reasoning  used  to  arrive  at  the  supply  magnet  dimensions.  Figure 
3  illustrates  that  used  to  obtain  the  cladding  thickness.  The  steps  in  the  cladding  determination  are 
summarized  as  follows: 

•  Flux  is  to  be  confined  by  a  radially  oriented  magnet  of  unknown  thickness  d(x) 

•  By  circuital  form  of  Ampere's  Law: 

0  =  jHdl  =  H„x  +  Hcd  +  H^(BO)  (3) 

where  is  the  radial  field  in  the  cladding  magnet  and  is  the  field  outside,  which  is  zero  by 
hypothesis,  so  that, 

•  d  =  —HwX/H(.  (4) 

and  the  conical  cladding  c  of  Fig.  1  is  formed. 


•  Where  is  just  the  magnet  coercivity  since  by  hypothesis  is  zero  if  no  flux  flows  radially 
through  the  magnet  to  the  outside. 


dx 


Figure  3.  Cladding  magnet  construction 
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Form  of  Solenoidal  Structure 

To  Tninimiyft  mass,  zcro  potential  is  taken  to  be  midway  between  the  iron  pole  pieces.  Equation 
four  then  yields  a  double  conical  structure  like  the  one  in  Fig.  4A.  At  the  ends,  outside  the  pole 
pieces,  the  cladding  thickness  is  maximum  and  uniform  since  these  are  equipotential  regions  of 
maYimiim  and  rniuiinum  magnet  potential.  A  flux-free  chamber  is  added  (left  end,  dark  shading)  to 
house  a  field-sensitive  electron  gun  (Fig.  4B). 


Figure  4.  Two  permanent  magnet  solenoids.  (A)  Without  field-free  chamber,  (B)  with  field- 
free  electron  gun  chamber  on  left  end. 


Actual  Structure 

The  structure  actually  built  differs  from  the  ideal  configuration  B  of  Fig.  4  to  afford  access  ports 
at  both  ends  of  the  structure.  The  field  distortion  caused  by  them  is  reduced  by  dimensional, 
configurational  and  parametric  changes  (in  magnetization  strength)  in  the  vicinity  of  the  ports, 
especially  the  one  on  the  electron-gun  end.  Also,  the  structure  must  be  lengthened  slightly  so  that  the 
drop-off  in  field  in  the  vicinity  of  the  output  end  lies  outside  of  the  interaction  region. 

To  accommodate  the  rf  structure,  penetrations  were  required  in  the  magnetic  material.  A  coaxial 
line  was  chosen  for  the  rf  input  to  minimize  the  penetration  near  the  gun  region.  Coolant  lines  were 
brought  out  in  the  center  of  the  structure  where  the  effect  is  small  due  to  the  small  amount  of  cladding 
material.  The  largest  effect  is  at  the  rf  output  penetrations.  Here  two  rectangular  holes  were  placed 
180  degrees  apart  for  symmetry  and  the  magnet  structure  was  extended  in  length  to  compensate  for 
the  drop-off  in  field. 
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RF  &  Cooling  Penetrations 


Figure  5.  Side  (A)  and  top  (B)  views  of  solenoid  with  access  penetrations.  (C)  Flux  plot  of  B. 

Flux  Patterns  of  Basic  Field  Source  and  that  of  the  Required  Structure 

It  is  rather  simple  to  obtain  a  nearly  perfect  solenoidal  and  confined  field  (Fig.  4A)  if  no 
alterations  such  as  access  ports  or  field-free  chambers  are  required.  Figures  5, 6  and  7  show  that  an 
acceptable  flux  uniformity  is  obtainable  within  the  interaction  region  even  after  extensive 
modifications.  Figure  6A  shows  a  measured  field  that  is  slightly  greater  than  the  theoretical  one. 
This  discrepancy  is  due  to  use  of  magnets  of  slightly  higher  remanence  than  that  assumed  in  the 
calculations. 
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Longitudinal  Distance  (cm) 


Figure  6.  (A)  Axial  and  (B)  transverse  on-axis  fields  as  a  function  of  distance  along  the  Z 
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Figure  7.  The  measured  components  of  the  field  around  the  axis  of  rotation  at  the 
waveguide  penetrations. 


Beam  Tester 


A  beam  tester  (vacuum  assembly  only;  no  RF  structure)  was  constructed  to  evaluate  beam 
transmission  and  beam  size.  The  beam  tester  is  vacuum  tight  and  mounted  in  the  magnet  assembly  of 
Fig.  8.  Work  is  currently  in  progress  to  test  and  evaluate  said  assembly.  Initial  tests  (without  RF) 
yielded  a  98%  beam  transmission. 
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Conclusions 


1.  A  solenoidal  field  pennanent  magnet  structure  appropriate  for  a  linear  beam  microwave  tube  was 
designed. 

2.  The  magnetic  design  used  2-D  Finite  Element  Analysis. 

3.  3-D  Finite  Element  Analysis  indicated  problems  associated  with  penetration,  and  modifications 
were  made  to  compensate. 

4  Mechanical  design  and  assembly  techniques  were  worked  out  to  cope  with  the  extremely  high 
forces  involved. 

5.  Magnetic  measurements  were  made  on  individual  pieces  to  evaluate  the  uniformity,  on  the  axial 
and  transverse  on-axis  fields  in  the  completed  assembly. 


6.  Magnetic  measurements  showed  excellent  agreement  with  the  theoretical  predictions  as  shown  in 
Fig.  6. 


Figure  9.  Sectional  details  of  magnet  structure.  (A)  Partial  cladding  ring  in  assembly  jig  ,  (B) 
section  of  assembled  magnet. 
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